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Abstract The gymnosperms are a group of plants char-
acterized by a haploid female gametophyte (megagame-
tophyte). With the function of bearing the female ga-
metes and nourishing the developing embryo, the mega-
gametophyte has provided a simple way to understand
the genetics of gymnosperm species using biochemical
or genetic markers. In this paper, a quantitative genetic
approach is proposed to study the genetic architecture of
a quantitative trait in gymnosperms by taking advantage
of the megagametophyte and the concept of average ef-
fect of a gene. Average effect describes the value associ-
ated with an allele carried by an individual and transmit-
ted to its offspring. Through the genetic dissection of the
average effect and genetic variance associated with a ga-
mete carrying candidate genes, this approach can provide
estimates of basic population genetic parameters, such as
additive, dominant and epistatic effects, alelic frequen-
cies and linkage disequilibrium. The candidate genes,
known through their major mutant phenotype, have been
reported in gymnosperms. An example for a candidate
gene affecting lignin biosynthesis was applied to demon-
strate the statistical procedures of the approach and its
advantage. The conditions upon which the approach can
be effectively used are discussed.
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Introduction

The gymnosperms, a group of plants with a well-docu-
mented evolutionary history, originated over 300 million
years ago, before the flowering plants (Bierhorst 1971).
Today, they are of tremendous economic importance for
lumber and wood pulp and are represented by such fa-
miliar trees as pine, fir, spruce, cedar, redwood, yew and
ginkgo. Modern gymnosperms have a worldwide distri-
bution and in temperate zones are the dominant trees,
forming vast forests in many regions. Gymnosperms
have the characteristic of naked seeds, which means that
the seeds are usually borne on the surface of scales rath-
er than enclosed in fruits as in the flowering plants.
Gymnosperms are characterized by a haploid female ga-
metophyte (megagametophyte, 1n) that serves a nutritive
tissue surrounding the embryo in a mature seed.

Being haploid, the megagametophyte is excellent ge-
netic material to characterize individual alleles using
biochemical or genetic technologies. Genetic analysis of
the megagametophyte using isozymes has been carried
out in conifers for many years for the estimation of ge-
netic diversity, heterozygosity, genetic relatedness and
for studies of gene flow in natural populations (Wheeler
and Guries 1982; Millar 1983; Hamrick et al. 1992;
Huang et al. 1994; Wang et al. 1996; Rogers 1997,
Wang and Nagasaka 1997; Wang and Liu 1998). More
recently, attempts have been made to employ the mega-
gametophyte to construct genetic linkage maps directly
based on open-pollinated progenies from a single het-
erozygous tree using polymerase chain reaction (PCR)-
based dominant markers. The species mapped include
Pinus taeda (J.J. Mackay 1996; Wilcox et al. 1996),
Pinus pinaster (Plomion et al. 1995), Pinus elliottii
(Nelson et al. 1993), Pinus palustris (Nelson et al.
1994), Picea glauca (Tulserium et al. 1992) and Picea
abies (Binelli and Bucci 1994). Potentially, these maps
can offer detailed studies of forest tree genome structure
and function (Neale and Williams 1991) and of the ge-
netic dissection of complex traits (e.g. Plomion et al.
1996).
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Fig. 1 The biology of haploid megagametophyte. Development of
the megagametophyte proceeds from a single haploid product of
meiosis. The functional megaspore divides by mitosis to produce
the megagametophyte, which will develop the archegona that con-
tain the female gametes. Several gametes could be fertilized by
pollen but only ones give rise to the embryo in the mature seed

The megagametophyte also provides a simple avenue
by which to study the relationship between markers and
phenotypic traits at the population level based on the
concept of average effect of a gene. The average effect
of a particular allele is the deviation from the population
mean of individuals which receive that allele from one
parent and the second allele from the other parent ran-
domly sampled from the population (Falconer and
Mackay 1996). Thus, by genotyping the megagameto-
phyte, the average effect of an allele segregating in a nat-
ural population can be readily estimated. Average effects
depend on genotypic values and alelic frequencies, and
their genetic dissection provides a unique power for esti-
mating these parameters for the segregating gene. In this
paper, we extend this principle to estimate epistatic ef-
fects between two different genes of known function and
chromosomal positions.

M egagametophyte biology and experimental design

The megagametophyte of gymnosperms is a multicelluar structure
and serves the double function of bearing the gametes as well as
nourishing the developing embryo (Maheshwari and Singh 1967).
The morphology and development of the megagametophyte have
been used as a criterion for plant taxonomy (Linder and Rudall
1993). The formation of megagametophyte is initiated through the
meiotic division of the diploid megaspore mother cell in which
four haploid meiotic products, megaspores, are produced (Fig. 1).
Three megaspores apparently degenerate while the fourth, func-
tional megaspore, divides by mitosis to produce the megagameto-
phyte, which will develop the archegonia that contain the female
gametes. The adlelic contribution of the seed parent to the embryo
segregates in megagametophytes from that tree (Fig. 2). The geno-
type of each megagametophyte is identical to that of the maternal
gamete that forms the embryo. The megagametophyte in each seed
is genetically equivalent to a haploid progeny plant, therefore any
heterozygous locus in the seed parent will segregate 1:1 in the
megagametophytes, regardless of the pollen contribution (Fig. 2).
Consider a tree that is heterozygous for alleles of candidate
genes of interest. Seeds collected from the heterozygous tree are

Megaspore mother cell

oooQ oooQ oooQ oooQ oooQ oooQ
@ @ @ @ @@

Haploid megagametophytes: genotypic ratio of 1:1 (+ =-)

Heterozygous maternal genotype

Meiosis

Fig. 2 The megagametophyte in each mature seed is genetically
equivalent to a haploid progeny plant, thus any heterozygous locus
in the seed parent will segregate 1:1 in the megagametophytes, re-
gardless of the pollen contribution

germinated in the greenhouse. While seedlings are transplanted to
a field trial, megagametophytes are collected for the isolation of
genomic DNA. Because the megagametophyte is haploid, PCR-
based dominant markers, such as random amplified polymorphic
DNA (RAPDs) and amplified fragment length polymorphisms
(AFLPs), can be effectively used to genotype each megagameto-
phyte by scoring the presence or absence of bands. The field trial
for seedlings is established in a complete randomized design. For
some coniferous species that are easy to propagate vegetatively,
such as Abies, Larix and Picea, the use of clonal replicates is sug-
gested because this can significantly increase within-family herita-
bility and the precision of progeny testing. Quantitative traits,
such as growth, crown architecture, wood properties and physio-
logical processes, are measured for each tree.

Model
A single gene

Consider a heterozygous tree in a random mating popu-
lation. If the species considered is monoecious, this tree
may be pollinated simultaneously by its own pollen and
other unrelated trees’ pollen. As a result, seeds collected
from the mother tree include those from both selfed and
outcrossed pollination. For the selfed pollination, mater-
nal and paternal gametes at a genetic locus may be as-
sumed to have the identical frequency because they are
derived from the same genotype. However, for the out-
crossed progeny, although maternal gametes are the
same as those for the selfed progeny, paternal gametes
come from the natural population (excluding the mother
tree), and their frequency is thus are determined by the
popul ation structure.

Assume that there is only one candidate gene on a
linkage group. This candidate gene has two alleles, A;
and A,, characterized from megagametophytes derived
from the heterozygous tree. The population frequencies
of these two alleles are denoted by p and q, respectively.
Each of these two alleles expressed in the maternal ga-
metes has been randomly united with alleles either from
the same tree or the population to form embryos. If the
outcrossing rate is t, then the probability for A; to unite
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Table 1 Estimate of the aver-
age effects of agene using the

Maternal  Values and frequency of embryo genotypes Mean values of

Average effect of

marker analysis of megagame- ~ 9amete

Embryo genotypes Gene

tophytes derived from a hetero- AA AA AA,

zygeous tree in the gymno- a d 4

sperm population A tpHy(1-)  to+l(l-Y) taprdg)+i(l-t(atd) o =datd(q-d)t
Ay tp+i(1-t)  to+3(1-1) ~t(ag-dp)-}(1-t)(a-d) o, =—a+d(p-Ht

with A; and A, is tg+5 (1-t) and tp+] (1-t), respectively. a-—a whena=d

Similar expressions can be obtained ?or A, (Table 1). Be- O dt

cause the candidate gene exerts direct effects on a quan-
titative trait, its additive (a) and dominant effects (d) can
be estimated based on its segregation pattern in a proge-
ny population. The average effect of an alele (a,, or
aAz) is calculated by subtracting the population mean,
H=la(p-g)t+id, from the mean value of genotypes pro-
duced by thisallele (Table 1):

ap =3a+d(q-$)t
ap, = - $a+d(p-3)t

(1)
(1b)

The average effect of the gene substitution is the differ-
ence between the average effects of the two alleles,

a=a, -0, =a+d(q-pt (1¢c)

From Table 1, the genetic variance within each of the
two megagametophyte genotypes, A, or A,, can be de-
rived as:

Vy, =41+ (a- pitJiL+(p-g)ti(a-d)?
=4[1+(g- pt1+(p-o)t](a+d)

The sum (S) and difference of these two variances (A)
are:

(248)
(2b)

=3[1+(q- p1+(p-q)t(a +d?)]
A=-ad[1+(q- pt]1+(p-q)]

(2c)
(2d)

If afield trial using the progeny of the mother tree in-
cludes clonal replicates for each individual, then V, and
Vy, can be estimated accurately by a simple analysis of
variance. Thus, Egs. 2a and 2b represent two indepen-
dent equations and their simplified versions, Egs. 2c
and 2d, along with Eq. 1c, construct a system of three
equations to obtain the solutions of a and d by solving
the nonlinear equations (MATHEMATICA, Wolfram
1996):

AaZ + Ad2 +2Sad =0
ad2+Ad-a(a-a)2=0

(39
(3b)

Estimates of a and d are further used to estimate the al-
lelic frequency of A, or A, in the natural population. It is
not difficult to derive two different expressions of esti-
mating the difference of allelic frequencies:

(30)

q—|o=gtt/(a—o|)2—4vAl hend =0
5 —(a—d)2 whend=

When a # d and d # 0, either expression in Eq. 3C can
provide the estimate for g—p. The outcrossing rate of a pop-
ulation can be estimated easily by using molecular markers,
such as RAPDs, RFLPs or microsatellites (e.g. Burczyk et
al. 1997; Zheng and Ennos 1997; Wang and Liu 1998).

In a situation where clones are unavailable, estimates of
V,, and V,, each include a residual variance due to envi-
ronmental errors and other linked gene effects. It is not un-
reasonable to assume that the residual variance is the same
between the two alele groups. Thus, such a residua vari-
ance can be eiminated by taking Eq. 2d, which constructs
asystem of two eguations with Eq. 1c, to solvea and d:

_1 U + 2 4 q—p)t .
a—?@‘\/a [1+(-piI-@-p] "H o
a-a =
d= EIW nhena=o (4b)

H [1+(q- p)tﬁ\l—(q— PN wheng=port=0

Allelic frequency cannot be estimated due to inadequate
degrees of freedom, but its value interval can be given as
follows:

- 4 4
24 «/;124[2+a <q-ps< 2A+V§£2+a (40)

However, only when the left term of the inequality is
greater than —1 and only when the right term is less than
1 would this constraint be useful to determine the finer
interval of alelic frequency. After the interval of allelic
frequency is determined, the values for a and d can be
approximated by a numeric simulation on the interval.

Two unlinked, epistatically-interacting genes

The idea described in the preceding section can be ex-
tended to estimate epistatic effects between two candi-
date genes of known biological functions. It is still as-
sumed that there is only a single candidate gene on a
linkage group. Consider two candidate genes that are on
different linkage groups that are in linkage equilibrium
but epistatically interact to affect a quantitative trait in a
population of gymnosperm. The alleles of one gene are
denoted by A, and A, and the alleles of the other gene by
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Table 2 Estimate of the average effects of maternal gametes at two unlinked but epistatically interacting genes using the marker analy-

sis of megagametophytes in gymnosperm

Maternal Embryo genotype and its value and frequency Mean value of Average effect
gamete/frequency embryo genotype of gene
AlBl %1 AlAlBlBl AlAlBlBZ AlAZBlBl AlAZBlBZ
at+a'+i at+d'+ d+a'+ d+d'+l
tpp'+5(1-1) tpg'+3(1-1) tap'+3(1-1) taq'+3(1-1) Hage, Oy
AlBZ %1 AlAlBlBZ AlAlBZBZ AlAZBlBZ AlAZBZBZ
at+d'+j a—a'-i d+d'+l d-a'-j
P+ g+ tgpHA-)  tgg +1(1 ) T Upge,
AZBl% AlAZBlBl AlAZBlBZ AZAZBlBl AZAZBIBZ
d+a'+ d+d'+l —ata—i —at+d'—j
P+ tpgH(I-)  tgpHA-) g+ Magsy C
AZBZ %1 AlAZBlBZ AlAZBZBZ AZAZBlBZ AZAZBZBZ
d+d'+l d-a'-j —a+d'-j —a-a'+l|
P+ tpgHi(1-)  tgpH-) g+t Hags, CI,
B, and B,. Additive and dominant effects at gene A are a —1[2 2 2 2
L wh < V=}[ake, +ake, + AR + hs)] 6

and d, whereas those at gene B are &' and d'. Epistatic ef-
fects between the two genes are i for the additivexaddi-
tive interaction, j for the additivexdominant or domi-
nantxadditive interaction and | for the dominantxdomi-
nant interaction. Four maternal gametes from a heterozy-
gous tree are randomly combined to paternal gametes
from the same tree or other trees in the population. Hap-
loid megagametophytes derived from the mother tree are
genotyped at these two genes by using a molecular
marker technology. Assuming that the population fre-
quencies of the allelesare p for A, and q for A, and p' for
B, and g for B,, respectively, and that the outcrossing
rate is t, average effects of the four maternal gametes,
ABy1, AiB,, AB, and AjB,, identified from the megaga-
metophytes can be estimated (Table 2). The mean value
of a quantitative trait corresponding to each megagame-
tophyte genotype can be expressed by:

Hag =t[pa+qd+pa +qd + ppi+(pg +op)j +qq]
+1@1-t)a+a+d+d + (54)
Hag, =t{pa+qd-ga +pd - pai+(pp —dq)j +qpl]
+3@-t)a-a+d+d —Li+3l) (5b)
Hap =t-ga+ pd+ pa +qd —qpi+(pp —aq)j +qpl]
+1@-t)(-a+a+d+d -Li+3l) (50)
Hap, =t—ga+pd —qa + pd +qqi - (pq +qp)j + ppl]
+i@-t)(-a-a+d+d+5i-j+3l) (5b)

1; i 1
Fi+j+4l)

The average effect of a megagametophyte genotype is
the difference between its mean value and the overall
mean, P=3{t[(p—g)a+d+(p'—q)a’+d+1(p-a)(p'—)i+(pp'-
qq)j+i]+ %l—t)(d+d'+1l)} The equatlons for estimating
the average effect as weII as the genetic variance of each
of the four megagametophyte genotypes are given in Wu
(1998). The genetic variance of average effects across
the four megagametophytes at the two candidate genes
can be estimated by:

If genetic variance within each of the four megagameto-
phyte genotypes can be estimated accurately, e.g. using
clonal replicates, one can construct a system of nine in-
dependent equations which include the average effect
and genetic variance of each of the four megagameto-
phyte genotypes and Eg. 6. These nine eguations are
used to solve nine unknown parameters, a, d, a, d', i, J, I,
p and p', using MATHEMATICA (Wolfram 1996). Out-
crossing rate is estimated independently using molecular
markers.

If genetic variances within the megagametophyte ge-
notypes cannot be estimated accurately, one should take
the differences between the genetic variances within dif-
ferent megagametophyte genotypes to eliminate residual
variances included in each megagametophyte genotype
(see above). In this case, the number of equations is re-
duced to eight, which are not adequate to obtain the so-
[utions of the nine unknowns. However, if we pose
some restrictions on at least one of the unknowns, ap-
proximate solutions can be obtained. Because allelic fre-
guencies p and p’ must be a value between 0 and 1, re-
strictions on these two parameters should be the first
choice. If p and p' are fixed, the number of equations
(eight) will be greater than the number of unknowns to
be estimated (seven). In this case, a nonlinear optimiza-
tion approach based on the weighted |east squares anal-
ysis can be used to obtain the approximation estimate
for each variable and its sampling error. The weights for
the differences of across-gamete average effect and ge-
netic variance are determined by the reciprocals of their
sampling variances multiplied by the corresponding de-
grees of freedom. The use of these weights resultsin the
solutions of the unknowns and their standard errors by
the nonlinear optimization manipulation. These afford
the means of calculating the weights for the second
round of the iterative procedure. This step is repeated
until the final estimates converge to stable values. The
adequacy of the model, i.e. the degree to which esti-
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Table 3 Estimate of the average effects of maternal gametes at two linked and epistatically interacting gene using the marker analysis of

megagametophytes in gymnosperm

Maternal Embryo genotype and its value and frequency Meanvalue Average
gamete/frequency of embryo effect
genotype of gene

AB, (1-T) AAB,B, AAB,B, AAB B, AAB1B,

ata'+i at+d'+ d+a'+ d+d'+l

t(pp'+D)+ t(pg/~D)+ t(gp-D)+ t(qq/+D)+ T Cpge,

(1-t(1-r) 3(1-t)(1-r) (1-t)(1-r) H(1-t)(1-r)
AB, 3r AABB, AAB,B, AABB, A,AB,B,

at+d'+ a—a'-i d+d'+l d-a'-j

t(pp+D)+H(A-r  tpg-D)+i(1-Or  tgp-D)H(A-Or  Hag+D)HAYr g, Cpge,
AB; ir AABB; AAB.B, AAB,B; AAB.B,

d+a'+j d+d'+l —at+a'-i —a+d'-j

t(pp'+D)+5(1-tr  t(pg-D)+3(1-tr  t(gp-D)+(1-r  t(aq+D)+(I-)r  Hap, a8,
AgB, 3(1-1) AABB, A1AB,B, AA;B.B, AAB,B,

d+d'+l d-a'-j —a+d'— —a-a'+i

t(pp'+D)+ t(pg-D)+ t(qo'-D)+ t(qq'+D)+ HasB, OagB,

(1-t(1-r) 3(1-t)(1-r)

(1-t)(1-r)

3(1-t)(1-r)

mates of the unknowns fit the eight equations simulta-
neously, is tested based on the sum of squares of differ-
ences between the expected and observed values for the
left terms of these equation (each square being multi-
plied by the weight) using x2-statistics. The degrees of
freedom for the x2-test of goodness-of-fit would be the
number of nonlinear equations used in the model minus
the number of variables to be estimated. The adequacy
of the model can be evaluated by the probability (P) lev-
el, which is the probability of getting a x2-value larger
than the value actually obtained, given that the fixed
values of p and p' are correct. The small values of P
correspond to a poor fit and large values to a good fit.
When the model has the best adequacy, the estimators of
unknowns and the fixed values of p and p' are consid-
ered as the closest to their actual values.

Two linked, epistatically-interacting genes

If two epistatically interacting candidate genes of known
biological functions are on the same linkage group, they
will likely bein linkage disequilibrium in the population.
The population frequency of each paternal gamete at
genes A and B is a function of alelic frequency at each
gene and the gametic-phase linkage disequilibrium be-
tween these two genes, D. The mean value of a quantita-
tive trait corresponding to each megagametophyte geno-
type, A;B;, A;B,, A,B; or A,B,, can be derived from Ta-
ble 3:

Hag =t pa+qd+ pa +qd +(pp +D)i
+(pg +gp —2D)j +(qq + D) + (1 -t)1-r)

a+a+d+d+5i+j+3l) (78)
Hag, =t[pa+qd-qa + pd —(pg - D)i

+(pp —aa)j +(gp —D)I] + (X -t)2-r)

fa-a+d+d -3i+3l) (7b)

Hpp =t-ga+ pd+pa +qd -(gp - D)i
+(pp —aar)j +(par — D)+ (A -1)(1-1)
f-a+a +d+d -Li+3l)

Upp, =t-ga+ pd—qa + pd +(qq + D)
=(pa' +qp —2D)j +(pp + D)I] +(1-t)(A~T)
~a-a +d+d +3i-j+31),

(7c)

(7d)

where r is the recombination frequency between the two
candidate genes, which can be estimated based on their
segregation in megagametophytes, and the other parame-
ters are as defined in the preceding section. The average
effect of each megagametophyte genotype is the differ-
ence between its mean value and the overal mean,
H=3{ t(p-a)at+d+(p'-q')a’ +d'+(pp'+qo' +2D)i+r (pp'-aq)]
+i[pp'+qq'+2D+r (pq'+ap'~pp'—qq'—4D)I]} +(1-t)(1-)
(d+d'+li-ri+l). The equations for estimating average &f-
fects and genetic variances of the four megagametophyte
genotypes at two linked, epistatically interacting genes
are given in Wu (1998). The genetic variance of average
effects at the two genes can be estimated by:

VZ%[“@&*“@E&]*%[“%&*“@&] (8)

Because there are ten unknown parameters for two
linked, epistatically interacting genes (nine of them are
the same as for two unlinked epistatic genes and the
tenth is the gametic-phase linkage disequilibrium, D), a
system of nine independent equations are not adequate to
obtain the solutions of the unknowns. By setting p and p'
to be fixed, however, a nonlinear optimization proce-
dure, as described above, can be used to obtain an ap-
proximate solution of each unknown. Owing to more pa-
rameters being estimated for two linked epistatic genes,
the use of clonal replicates is very important for increas-
ing the number of independent equations by obtaining
the accurate estimate of the genetic variance within each
megagametophyte genotype.
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Example

Lignin is a complex phenolic polymer that reinforces the
walls of certain cells in the vascular tissues of higher
plants (Sederoff et a. 1994). Lignin plays a very impor-
tant role in maintaining mechanical support, water trans-
portation and defense against diseases and pests. Howev-
er, during the pulping process, lignin must be removed at
both an environmental and an economical cost to make
good quality paper. Consequently, genetic approaches
have been proposed to modify lignin content to a level,
at which plants could grow normally but the cost of its
removal would be minimum (Campbell and Sederoff
1996).

Recently, a mutant allele of the cad gene affecting
lignification was discovered in a woody plant by J.J.
Mackay (1996). cad is a gene that encodes for the mono-
lignol biosynthetic enzyme cinnamy! alcohol dehydroge-
nase (CAD, E.C. 1.1.1.195), which catalyzes the fina
step of lignin precursor biosynthesis, the reduction of
cinnamaldehydes to cinnamyl alcohols. The mutated al-
lele, named cad-nl, was further found to be favorably as-
sociated with stem growth in loblolly pine (Wu et al.
1999). The cad gene with a known function and position
can be viewed as a candidate gene. Based on its segrega-
tion in haploid megagametophytes from a heterozygous
tree, the additive and dominant effects of cad on growth
traits are estimated using the model proposed in this pa-
per.
Plant material used in this example was derived from
open-pollinated progenies from an offspring (identified
as selection 7-1037) of a cross between loblolly pine ge-
notypes 7-56, an original tree from which mutation in
the cad gene was discovered, and 7-51. In 1993, 900
seedlings derived from the seeds of selection 7-1037
were transplanted to a field trial with nine square blocks
in Lumberton, N.C. Height growth was measured for
each tree in the plantation at the end of each of the first 2
years from which second-year shoot €longation was cal-
culated. Megagametophytes were collected following
seedling germination and used to genotype cad geno-
types using a pair of 20-bp custom primers designed
from the DNA sequence of the region of the cad gene
from genotype 7-56. In this example, we would like to
emphasi ze the statistical procedures of estimating epista-
sis between two known genes by genotyping megagame-
tophytes. We used a RAPD marker, amplified by primer
H15 and associated significantly with growth traitsin the
open-pollinated progeny of selection 7-1037 (R.L. Wu,
unpublished data), as the surrogate of the second candi-
date gene. This RAPD marker, named H15 750, is not
linked with cad.

Average effects and phenotypic variances associated
with four megagametophyte genotypes for cad and
H15 750 were calculated for second-year shoot elonga-
tion (in the unit of centimeters). Because no clonal repli-
cates were used, the differences between the phenotypic
variances associated with these megagametophyte geno-
types were calculated to eliminate the influences of re-

sidual variances. There have been many observations on
outcrossing rate for coniferous populations, which, for
example, suggest t=0.80 to 0.90 for Pinus caribaea
(Zheng and Ennos 1997) and t=0.89 to 0.97 for Pinus
attenuata (Burczyk et al. 1997). In this example, out-
crossing rate is assumed to be 0.90. Let the frequency of
mutant allele cad-nl be p for the cad gene and the fre-
guency of the favorable allele be p' at H15 750. Under
different combinations of p and p’, additive, dominant
and epistatic effects at these two loci were estimated,
along with the x2 statistics with which the adequacy of
the model is tested. It was found that a minimum x2 val-
ue (X24-1=1.32, P>0.50), one at which the model has the
best adequacy, was around a combination of p=0.20 and
p'=0.45. Under this combination, estimates of additive
and dominant effects were a=17 cm and d=18 cm at cad,
and a'=15 cm and d'=10 cm at H15_ 750, respectively,
and estimates of epistatic effects at these two loci were
i=18 cm, j=I0 cm and [=9 cm.

Discussion

The genetics of forest trees, especially gymnosperms, is
very difficult to understand because classical genetic ma-
terial, such asinbred lines, is not available for these spe-
cies. Although abundant natural variation exists in forest
trees, its exploitation in operational forestry has been
very limited with little knowledge of the genetic basis
underlying it. However, gymnosperms also have a mgjor
advantage, that is the haploid nature of the megagameto-
phyte. The megagametophyte is an excellent natura re-
source for characterizing individual alleles using mole-
cular marker technologies. Its applications to studying
population structure and constructing linkage maps have
received great attention in major coniferous species. As
demonstrated in this paper, the integration of the mega-
gametophyte and the concept of average effect of a gene
can shed light on the genetic structure of a quantitative
trait in anatural population of gymnosperms.

The idea used in this paper is not complicated. It in-
cludes two key derivation steps, one based on the aver-
age effect of a gamete carrying the candidate genes of in-
terest and the other on the genetic variance within the
gamete. The traditional concept of average effect has
been defined based on a given dlele that is randomly
combined to alleles from their population (Falconer and
Mackay 1996). Although average effect is a very impor-
tant concept for describing population structure and evo-
[ution, its magnitude cannot be estimated because it is
associated with the value of individual genes rather than
genotypes. The megagametophyte represents the geno-
type identical to that of the female gamete and usually
contains enough DNA enough to perform marker analy-
sis. Both properties provide the means by which to esti-
mate the average effect of an allele in the population.
This allele has been randomly united with alleles from
the population to form the embryo that develops into a
seedling from which the phenotypic measurement is



made. Here, we extend the concept of average effect to
the level of the gamete that carries different alleles from
different loci. We have also derived the genetic variances
associated with these gametes. Basic genetic parameters,
such as additive, dominant and epistatic effects, alelic
frequencies and linkage disequilibrium, contributing to
the average effect and genetic variance within a gamete
are estimated by solving a group of independent nonlin-
ear equations.

The analysis here has involved the fitting of candidate
genes with known function and chromosomal positions.
Candidate genes have been detected in many species
(T.F.C. Mackay 1996). For example, in mice, mutations
at five loci (agouti, diabets, obese, tubby and fat) result
in grossly obese phenotypes (Chua 1997). All five genes
have been cloned, and their map positions are accurately
known. In gymnosperms, there have been a few reports
on the detection of candidate genes. Mackay et a. (1997)
identified a mutant allele, cad-nl, which reduces the gene
expression of lignin biosynthesis by 50% as compared to
its wild-type alele. In Pinus radiata, a homologue need-
ly of the flower meristem-identity genes, |leafy/floricau-
la, from Arabidopsis and Antirrhinum has been identi-
fied as affecting the vegetative development of pine
(Mouradov et al. 1998). For a practical analysis, it would
be preferable to use markers within the candidate genes
themselves, but it seems reasonable to use tightly linked
markers from genetic maps. However, if neither candi-
date genes nor tightly linked markers exist, the current
analysis should be modified to detect real quantitative
trait loci that affect variation in a quantitative trait with
the aid of markers.

It should be pointed out that the power for estimating
these genetic parameters is dependent on the use of clon-
a replicates for the seedlings planted. If the seedlings
are cloned, the genetic variances associated with gametes
can be well estimated by an analysis of variance. Other-
wise, the estimated genetic variances include influences
of environmental errors and other linked genes. A way to
eliminate the influences is to take differences between
these genetic variances by assuming that the same resid-
ual variance is included in each gamete. In this situation,
because of a reduced number of independent equations,
the power of the model is reduced. The analytical meth-
od described in this paper can effectively estimate epista-
sis between two linked or unlinked genes. However,
when there are more than two genes on a single linkage
group, a more complicated maximum likelihood method
should be used to dissect these individual genes (Wu
1999). In practice, results obtained from the current ap-
proach may provide basic ideas about the effective use
of the maximum likelihood method.
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